The oxidation of potassium ferrocyanide, K 4 Fe(CN) 6 , in aqueous solution under fully supported conditions is carried out at interdigitated band and ring electrode arrays, and compared to theoretical models developed to simulate the processes. Simulated data is found to fit well with experimental results using literature values of diffusion coefficients for Fe(CN)
Introduction
Microelectrode arrays are increasingly employed in electrochemistry, 1,2 since they can provide the advantages of microelectrodes (fast mass transport, the use of two rather than three electrode control, observation of steady state currents) whilst providing the large currents usually associated with macroelectrodes. These arrays also have considerably less capacitative current than macroelectrodes, although generally more than isolated microelectrodes, representing an intermediate case. 3 However, while single microelectrodes typically have a much smaller ohmic drop than macroelectrodes (due to the smaller currents drawn), a microelectrode array has significantly larger ohmic drop than a macroelectrode of equivalent overall area. 1 The main types of array electrodes are arrays of microdiscs (where the array may be regular or random) and arrays of microbands.
Microband arrays, as well as a single pair of bands, have been used as generator-collector systems, [4] [5] [6] [7] [8] [9] [10] [11] [12] with great success. In a collector generator system, some target species in solution is oxidised (or reduced) at the generator electrode, with the product of this reaction then detected by re-reduction (or oxidation) at the collector electrode. If single step chronoamperometry, for example, were to be carried out, then some species might would be oxidised at the generator electrode to produce species B, which would then be reduced at the collector electrode, both under diffusion control:
A ± e − → B Generator
B ∓ e − → A Collector (2) An important feature in an experiment of this type is the collection efficiency, N, the ratio of the collector current to the generator current:
This simple experiment can be extended to performing cyclic voltammetry at the generator electrode, while keeping the collector electrode fixed at the potential to reduce species B. This approach has been used to study, for example, competing modes of transport at a phase boundary (transport along the interface vs transport in bulk). 13 Other uses of collector generator systems include mechanistic invesigations, [14] [15] [16] [17] probing intermediate kinetics, 18, 19 electrochemical sensing with very low detection limits, 20 targeted detection of one species in the presence of another, 21 and the simultaneous measurement of two species.
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Microband arrays lend themselves particularly well to generator-collector systems. They consist of a series of parallel bands, which alternate between being generator and collector. This is shown in Fig. 1a , and the apparatus is known as an interdigitated array (IDBA). This ensures a very high collection efficiency, 23 since any species produced at the generator electrode is likely to diffuse to the collector electrode with a high probability of detection if the separation is small. This spatial arrangement also allows for efficient redox cycling, 23 where species cycle between generator and collector electrodes, enhancing the measured current.
IDBAs have been used to simultaneously measure both the concentration and diffusion coefficient of a species. Aoki et. al. 8 developed a theoretical equation for the steady state current produced at a parallel microband array electrode during a chronoamperometric experiment as outlined above:
where I ss is the steady state current (A), n is the number of electrons transfered, F is the Faraday constant, D is the diffusion coefficient of the species under investigation (m 2 s −1 ), c * is this species' bulk concentration (mol m −3 ), l is the length of the individual band electrodes (m), and p is some function of the electrode geometry. The function K is a total elliptic integral, and K(1 − p)/K(p) can be approximated as:
where w g and w e are the inter-electrode distance and the electrode width respectively. Also developed was an empirical equation to described the time taken for the current at the collector electrode to reach half of its steady state value, t 0.5 :
So by measuring the steady state current and the time taken for to reach half this value, equations 4 and 6 can be solved simultaneously to determine c * and D.
A convenient and important variation on IDBAs are interdigitated ring electrode arrays,
IDRAs.
24 a schematic of an IDRA is shown in Fig. 1b . They consist of a central disc electrode (throughout this paper considered to be a generator electrode) surrounded by expanding concentric ring electrodes which alternate between collector and generator in character. The obvious difference between this and an IDBA is the cylindrical nature of the diffusion. The radial component will, at least for rings of small radii, enhance the mass transport between the electrodes, leading to an increased rate of redox cycling and a greater current enhancement in comparison with linear IDBAs. For very large rings, however, the diffusion will be become less cylindrical and these effects will be lost, with the behavior tending to that of parallel bands.
This study investigates the extent to which this is the case, and explores how well experiments carried out at an IDRA can be simulated a simplified IDBA model.
Theory
Cyclic voltammetry is simulated at both linear interdigitated arrays (IDBAs) and interdigitated ring arrays (IDRAs), shown in Fig 1a and 1b respectively. In each case, a single electroactive species, A, is considered to be initially present in solution, along with a large amount of an inert electrolyte to suppress electric fields and render the mass transport diffusion only. The generator electrodes are subject to a linearly sweeping potential to set up a potential dependent equilibrium between species A and its oxidised form, species B, while the collector electrodes are set at a fixed potential to reduce species B at a mass transport controlled rate:
B ∓ e − → A Collector (8)
Interdigitated arrays
To simulate a linear interdigitated array, we make the assumption that the electrodes are much longer than they are wide, reducing the problem from three dimensions to two. The mass transport equation is therefore:
where c i is the concentration of species i (mol m −3 ) and D i is the diffusion coefficient of species i (m 2 s −1 ). All symbols are defined in Table 1 . The simulation space which this is solved over is shown schematically in Fig. 2a . The mass transport equation is solved subject to boundary conditions. At the generator electrode surface, Butler-Volmer kinetics are applied:
and equal fluxes of species are maintained by virtue of conservation of mass:
At the collector electrode surface, the potential is such that species B is reduced to species A and a mass transport controlled rate, and equal fluxes are again maintained:
The edges of the simulation space are set at the centres of the electrodes (x min = − w g + w e ) a distance along the y axis from the electrodes known to be well outside the diffusion layer 25, 26 (y max = 6 √ D max t max ) where D max and t max are the largest diffusion coefficient in the system, and the total time of the experiment. At the simulation edges, a zero flux condition is imposed on all species:
The value of the potential applied to the generator electrode at a given time from the start of the experiment must also be defined. If the scan starts at some potential value E s (V), and sweeps at a scan rate of ν (V s −1 ) up to a vertex potential E v (V) before reversing and scanning back to E s , the the applied potential E at any given time t is:
where + is used for a reduction and − for an oxidation.
Normalised Model
The above model is next simplified by introducing normalised (or "dimensionless") variables to make it general. The bulk concentration of species A, for example, is merely a scaling factor and is set to 1, with all other concentrations calculated relative to this. Similarly, all diffusion coefficients are set relative to D A , and all distances relative to the width of the electrode. A full list of normalised parameters and their definition is given in Table 2 . The normalised simulation space is shown schematically in Fig. 2b . Upon the substitution of dimensional parameters for normalised ones, the mass transport equation becomes:
The normalised boundary conditions are summarised in Table 3 . The normalised potential applied to the generator (θ) electrode is still a function of normalised scan rate, σ:
again with + used for a reduction and − for an oxidation.
Calculating the current at an IDBA
Upon the implementation of the above model, the current at both the generator and the collector electrodes must be calculated. The (dimensionless) flux density at an individual generator electrode is given by integrating the flux across its width:
and at the collector:
Note the factors of 2, these are due to using the symmetry of an interdigitated array to simulate only half of an individual generator and collector electrode. The dimensional current is then given by:
where m is the number of generator-collector pairs.
Interdigitated ring arrays
To simulated an IDRA, the model developed above must be modified to account for the added radial nature of the diffusion. The new (dimensionless) mass transport equation is:
where R is the dimensionless radial coordinate and Z is the dimensionless coordinate perpendicular to the surface of the electrodes, as defined in Table 2 . Fig. 3a and 3b show schematically the dimensional and normalised simulation space this equation is to be solved over. The key difference between this simulation space and that used for the IDBA model ( Fig. 2) is that the whole width of the generator electrode is now included in the centre, with half of the two collector electrodes on either side. The central of the simulation space is now no longer zero, but set at a value R 0 , determined by the geometry of the IDRA being simulated. Some of the symmetry that was present in the IDBA model is lost due to the radial diffusion, which will be different on different sides of the generator electrode (due to the different values of R). The edge of the simulation space is in the centre of the collector electrodes, but unlike above where this was a result of symmetry, it is now an approximation.
The boundary conditions are analogous to those used in the IDBA model, and are given in Table 4 . The potential applied to the generator electrode, θ, varies with time and scan rate in exactly the same way as above.
Calculating the current at an IDRA
When calculating the current at an IDRA, it must be noted that since we are working in cyclindical coordinates, a factor of R must be included in the integrals to calculate the overall flux. So the flux at the generator electrode is given by:
(the factor
is included to normalise the response with respect to R 0 and make for easier comparison of IBDA and IDRA responses.) The dimensional current can then be obtained from the expression:
This will give the current measured at one pair of generator-collector electrodes, at radial coordinate r 0 . To simulate the current measured at the entire array, many simulations must be run, each with a different value of r 0 , and the results summed together.
Numerical methods
The method of Crank and Nicolson 27 was used to discretise the mass transport equations and boundary conditions to allow them to be solved numerically. The alternating direction implicit method 28 was used, in conjunction with the Thomas algorithm 29 to efficiently solve the diagonal matrices produced.
The spatial grid the equations were solved over has been successfully employed previously to simulate an individual pair of parallel generator-collector microbands, 30 as well as at arrays of discs 31 and hemispheres 32 In the Y direction (for an IDBA, Z for and IDRA), the first grid point is at the electrode/insulating surface, and has in inital step size of ∆. The grid then expands away from this surface in the following manner:
The X (for an IDBA, R for an IDRA)grid is analogous to this, with the grid expanding away from the edges of the electrodes until it meets a grid coming in the other direction (int the centre of gaps or electrodes) or until it meets the edge of the simulation space.
The temporal grid is a regular array of points. For each unit of dimensionless potential, θ, the grid is defined to have N θ points.
Convergence studies found the following grid parameters sufficient to produce results within and K 0 = 1000. It is seen that for all scan rates, a smaller value of R 0 enhances the dimensionless current, due to the greater radial diffusion and more efficient mass transport. As R 0 tends to infinity, the IDRA responses converge onto the response obtained at an IDBA, since the electrodes become effectively linear. As expected, the collector electrode response becomes very small at large values of sigma, since in this limit the diffusion is largely planar, so species B does not diffuse outwards towards the collector electrode.
It will be useful to know how much the current at a pair of electrodes in an IDRA deviates from that measured at an IDBA as a function of R 0 . This deviation, or current enhancement, is defined here as Q, the ratio of the peak (or steady state) generator current simulated in a IDRA simulation to that simulated at an IDBA electrode with equal d ′ . From Fig. 4 it is seen that as R 0 decreases, the current enhancement ratio Q increases. It is seen that at small R 0 , Q rapidly drops off as R 0 increases, and approaches 1 as R 0 → ∞. It is also seen that, for a given value of d ′ , the variation of Q with R 0 is essentially independent of σ over six orders of magnitude (differences between Q values for any given R 0 is less than 1%).
Using these curves, it is then possible to calculate a value of R 0 at which Q is a specific value, for example 1.05. Any value of R 0 larger than this will then produce results at an IDRA within 5% of the reuslt for an equivalent IDBA. This value of R 0 is labled R 5% . In an IDRA, the overall measured current will be dominated by the outermost electrodes, since these are largest in area. Any pair of electrodes with an R coordinate at the centre of the generator greater than R 5% will produce currents within 5% of those produced at an IDBA.
Hence, an IDRA whose outermost electrode pair satisfies this condition is likely to be able to be simulated with reasonable accuracy as an IDBA (weighting each electrode pair's contribution according to its size).
Experimental Methods
Potassium ferrocyanide (K 4 Fe(CN) 6 ), potassium chloride (KCl) and nitrogen gas (N 2 ) were purchased from Sigma Aldrich (USA) and used as received, without purification. Solutions were prepared in deionised water of resistivity of no less than 18.2 MΩ cm (Millipore). Solutions were thoroughly degassed by bubbling nitrogen (oxygen free) for at least 30 mins. Electrochemical experiments were carried out in a thermostated Faraday cage at 298 (± 1) K, using a PalmSens Bipotentiostat, (Palm Instruments BV, Netherlands). The platinum interdigitated ring/band working electrodes were fabricated by Micrux Technologies (Spain) using photolithographic techniques on a pyrex substrate. Platinum reference and counter electrodes are integrated by photolithography onto this substrate.
Experimental Results

Interdigitated band array
Cyclic voltammetry was carried out on aqueous 1 mM potassium ferrocyanide, K 4 Fe(CN) 6 , at a scan rate of 50 mV s −1 in the presence of 0.1 M KCl at three different Pt IDBA electrodes of varying geometries (summarised in Table 5 ). In all three cases the lengths of the electrodes is at the vertex potential were measured as 79%, 96% and 96%. This is consistent with smaller inter electrode gaps (relative to the electrode widths) producing higher collection efficiencies.
Interdigitated ring array
The cyclic voltammetry of aqueous 1 mM K 4 Fe(CN) 6 was then repeated on two Pt IDRA electrodes (geometries summarised in Table 5 ), again at a scan rate of 50 mV s −1 , in the presence of 0.1 M KCl. The experiments were simulated using the full IDRA model outlined above, and using the IDBA model with each pair of generator-collector electrodes having an area equal to each of the generator electrodes in the IDRAs. The results are shown in Fig.   8 . Collection efficiencies at the potential vertex were measured as 78% and 92% for IDRA1 and 2 respectively, again relfective of the smaller gap size in IDRA2. For the simulations, the same literature diffusion coefficients as above were used, and in both cases the concentration of K 4 Fe(CN) 6 was fixed at 1 mM. It is seen that the two models produce very similar results, which both fit well with the experimental data, with differences likely being due to capacitative effects. The experimentally measured currents are dominated by the larger, more peripheral rings, which have small enough curvature for radial diffusion to be negligible on these timescales.
For IDRA1, the outermost electrode pair has an R 0 value of 46. The equation for R 5% developed above gives an R 5% value of 42.16 for d ′ = 1.0, meaning this outer electrode pair can be reasonably well modelled as bands. For IDRA2, the outer electrdoe pair has R 0 = 94.3, well above the R 5% value of 33.18 for this geometry. This allows us to model these IDRAs using the computationally more simplistic IDBA model.
Conclusions
In this study, interdigitated band and ring electrodes were simulated and theoretical results This was found to be independant of the scan rate used. The models for interdigitated bands and rings were used to simulate experimental data for the oxidation of Fe(CN) 4− 6 , and found to give good fits. It was also shown that if the inequality given above is satisfied for the outermost pair of electrodes in a ring array, then the array can be effectively modelled using the more simplistic interdigitated band array model. Table 5 ). In all cases the scan rate was 50 mV s −1 . Table 5 ). In all cases the scan rate was 50 mV s Table 5 : Summary of geometries of electrode arrays used in this study. All the band electrodes are 2 mm in length.
